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I. Introduction

In the scheme of things, it is apparently appropriate that
a person who has never been actively involved in the study of
damping should be called upon to discuss how and when others
should apply damping to structures. My own concern with damp-
ing is with the loss factor as a parameter which occurs in my
equations., It 1s going to be my role here to explain when and
how I believe an increase in the loss factor can produce a sig-
nificant reduction in the vibratory response and sound radiation
of structures excited by acoustic noise, boundary layer turbu-
lence, impact noilse, rain on the roof, etc. The discussion willl
not, of course, be complete, but we hope to encompass a broad
enough range of possibilities 80 that at least general trends
are apparent in the answers we arrive at.

Here, rather than merely to ask whether damping will re-
duce vibration under some particular method of foreing, we
shall include environmental effects of correlation of areas
of sources and loading effects of the medium. In assessing
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whether useful amounta of damping may be expected to be
aschieved in any particular application, we ideallze the
source correlation effecis by considering two extreme -
caces: excltation by acoustic nolse where the corvelation
lengths are tled directly to the frequencies through the
acoustlc wavelength, and by point excitation whilch broadly
includes lmpact, turbulent poundary layer, and rain on the
roof nolse., We shall consider the freguency and wavenunber
reaponse of panels, the propertiea of the source, correla-
+icn 1n space and time, and the radiation behavlor of the
structure to say whether damping may be expected To be use-
ful in reducing the vlibration response sand/or the sacoustic
radiation from the structure.

We do thls by studying how these forms of excltation will
affect the so-called free and forced response of the structure
and whether the resulting radiatlion from the structure is dom-
inased by the free or foreced motion, In addition, we will de-
velop simple relations between the freguency, loss factor, and
mean-free path on the structure to determine whether one should
consider 1t as a bounded or an gpbaunded gystem, both from the
standpoint of vibratory response and acoustlic radlation behagiosa

II. Response Regimes of the Simple Resonator

In Fig. 1, we have plotted the mean square displacement
response of a simple resonator to a pure tone force as a func-
tion of frequency. At very 1ow frequencles, the response is
governed by the stiffness clement and 1s independent of fre-
quency. Also, since the stiffness 1s controlling the response
in thls regime there 1s 1ittle dependence of the response ampli-
+udes on the size of the dissipation or damping element., AL
very high frequencies, the response 1s governed by the mass
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element in the resonator and the displacement decreases as
the fourth power of the frequency of this regime, Again,; 1n
this regicn the responce tends tc be independent of the damp-
Ing.

In the intermediate region, there is a range of frequencies
for which the amplitude of response can become quite large,;
reaching a peak which is inversely proportional to the second
pover of the loss factor and having a bandwidth proportional
to the loss factor. Thls regime we call the resonant part of
the response. Pure tone or extremely narrow band excitation
in this regime produces a mean square response inversely pro-
perticnal to the second power of the loss factor. On the other
hand, broadband noise, because 1t 1s belng passed through a
filter of bandwildth precportional to M, has a mean square ree-
spense inversely proportional to the first power of the loss
factor.,

For this simple system, therefore, we see that the response
in the stiffness for mass contrclled regions of behavior is
damping independent; and in the resonant regime will depend
upon the bandwidth of the excitation., For broadband excita-
tion, the response wilill be inversely proporticnal to the first
power of the loss facter. This conversion between response to
pure tone and broadband noise is an important factor to recall
when one is using pure tone response or transmlssion charactere
lstics to assess the effectiveness of damping in reducing the
response amplltude. We might also note that the reduction in
response to broadband noise cannot bhe reduced further by in-
creasing the loss factor beyond M~ 1, since beyond that point
the stiffness controlled response dominates the response,
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ITI. Vibration and Radlation of Unbounded Thin Plates

We shall first conslder the response and radiation of
an unbounded thin plate which is excited by boundary layer
nolse or acoustic radiation. We shall consider the response
of this plate at a fixed frequency w. At this frequency, we
shall assume that the plate supports free waves with the wave-
number k_, as shown in Eq. (1),

D
Kk = \/wykcz (1)
® = radian frequancy
K = radius of gyratlon for cross-section
cy = longitudinal plate velocity

The lcss factor n is defined through the complex Young's
modulus, as shown in Eq. (2),

E = Eo(l - i) (2)
E, = Young's Modulus

Although we have defined the less faector through the Young s
medulus, we shall not restrict ocurselves conceptually to such
& loss mechanlsm but shall include in cur thinking any form
of dlssipatlon such as edge absorption, applied damping, ra-
dlation losses, etc,

There are, of course, no infinitely extended plates in
nature and therefore we must inquire what conditions on the
plate dynamics and geometry are necessary so that we may con-
sider a plate to be effectively unbounded., If we introduce
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the mean free path for waves on the plate, d, as defined
in Eq. (3)

d s rAp/P {(3)

Ap = plate area

P = perimeter

Then the condition that a free wave which 1s generated shall
die away before 1% reaches the boundary is essentlally that
The product k _nd shall be greater than unity, as shown in

Eq. (4),

kpﬂd > 1 foreOhehavior (4)

or, 7'3 1 for edge absorption

Expressed in terms of a boundary absorption, this is equiva=~
lent to saying that the boundary absorption cocefficient 4%
shall be of the order of unity for infinite plate behavior,
which means the absence of reflection and lack of reverberant
bulld-up in the plate,

In Fig., 2, we have plotted the mean square displacement
response of an infinitely extended plate versus excitation
wavenumber at a fixed frequency ®, As in the case of the
resonator, we have indicated three distinct regimes of dy-
namical behavior of the plate or the mechanical system, At
small wavenumbers or long wavelengths, the plate 1s bent at
a scale longer than that of the natural wavelength at that
frequency. Accordingly, the response tends to be mass
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controllied because it i1s the inertia of the plate that re-
tards the exclting force, At very high wavenumbers, or

very small wavelengths of excitatlion, the stiffness of the
plate hecomes dominant in opposing the applied forces and

the displacement reaponse drops off rapldly with increasing
wavenumber as k“s, Near k_, the free wavenumber, there is

a regime of large response wlth bandwidth again proportion-

al to 1 and amplitude proportional to n@2° It is the response
in this regime that we refer to as free wave response,

We have, in addition, drawn wavenumber spectra of the
two forms of excitatlon which we suggested earlier. These
are the acoustic wave excitations which have wavenumbers up
to, but not exceeding, the acoustic wavenumber ka and a point
source excltation which has wavenumbers of excitatlon over a
very broad range, generally Including the free wavenumber kp.

We are considering in Fig. 2 the case where ka < kp, or
where the sound speed is greater than the flexural wave speed.
These speeds are equal at the so-called critical frequency and
this frequency forms an Ilmportant dividing line between various
forms of radiation and response behavior. It is dependent upon
the propertles of the fluld and the plate, For example, an
1/8" aluminwum plate in air has a eritical frequency of 3 ke
corresponding to a wavelength of 4", whereas the critical fre-
quency for 2 2" steel plate in water is 5 ke with the wavelength
of 1 ft,

When ka < kps a8 shown here, the frequency 1is sald to be
below critical. Under these conditions; we note that acoustic
wavenumbers do not excite the free waves, but instead all the
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acoustle response will be in a mass contrelled reglon. The
point source, on the other hand, may well have wavenumbers
whlch encompass the free wave reglion and generate a large
response which is damping dependent at the free wavenumber
k.. In this regime., therefore, we would conclude that the
acoustic vibratory response would be damping independent but
that the response to polnt source would be damping dependent,
unless f~ 1,

The only vibrations of the panel which radliate sound are
those which have a wavenumbelr less than or equal to ka. Thus,
all the radiating wavelengths, whether excited by the point
source or the sound fleld, are in the mass controlled regime,
The acoustic radlation of the unbounded panel, ftherefore, re-
gardless of the source of excitation, will be mass controlled
and therefcre damping independent., We arrive at quite differ-
ent conclusions for the effectiveness of damping on the panel
depending on whether we are primarily interested in the vibra-
tory response or in the acoustic radiation propertles. Another
point to note 1s that the addition of stiffness to the structure
would not be beneficial because 1t would not change the response
in the mass controlled reglon and might only send the large vi-
bration levels of the free wave regime down Inte the regime of
large acoustlc excitation and radiatlion, as we see in Fig. 3.

In Fig. 3, we see the relative positions of response and
excitatlion spectra when the frequency 1s above the ecritical
frequency or when ka has become larger than kp', In this in-
stance, both the acoustic source and the point source can gen-

erate a large amplitude response in the free wave regime of a
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plate. Accordingly, we may expect primarily free wave
respeonse in the plate. Agaln, since the acoustic ra-
diatlion 1s dominated by wavenumbers Ska: we expect a
highly excited and damping limlited free wave response

to be responsible for the sound radiation whether the
excitation 1s acoustlic or boundary layer turbulence, im-
pact nolse, etc.

Above the critical frequency for the unbounded plate,
therefore, one finds that the vibratory response and the
resulting radiation are determined by the total damping of
the system. As we see in Eq. (5),

1= Mng ¥ Tpag (5)
Nynp > 0 -3 Ny Pp 6h
int rad =3 int Pe Ay > Opag
pp = plate density Aa = acoustic wavelength
pe = fluld density Opgg ™ a¢oustic radiation

efflclency.
h = plate thickness

the total damping 1is a combination for that due to the in-
ternal or applied dampling and the radiation losses of the
structure. In order for the internal or appllied damping to

be effective in reducing response in this case, 1t must ex-
ceed the radiatlion damping in magnitude. This condition is
also shown in Eg. (5) and 1s expressed in terms of the internal
loss factor, the ratio of densitles of the plate to fluid
medium, and the ratio of 6 times plate thickness to the
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acoustic wavelength., The preduct of these is to be com-
pared to the radiation efficiency. For large plates above
the critical frequency, the radiation efficiency 1s essen-
tially unity and the right-hand side of the inegquality be-
comes 1.

Consilder again our 1/8" aluminum plate in air at a fre=-
quency of 4 kc. The internal loss factor according to Eq. (5)
must be greater than 10"'3 in order to be effeective in reducing
the dampling. This 1s not a difficult level of damping to
achlieve, On the other hand, for the 2" plate in water at a
frequency of 6 ke, the loss factor must be greater than 10*15
This 1s a bit more difficult to achieve, particularly for a
steel plate of 2" thickness. On this basis, we would say
that 1t should be fairly simple to reduce the vibration and
the acoustic radiation of the aluminum panel in alr whereas
it might be rather difficult to achieve effective damplng
levels for the steel plate in water, either above or below
the critical frequency, as long as the product kdn 1is greater

than unity,

We can 1llustrate some of our conclusions on the effect
of damping on the acoustic response and radiation of metal
panele in alr by reference to some experiments which have
been carried out con the transmission loss of these panels.
In Fig. 4, we show the measured transmission 1083 or a
90 mil aluminum plate having dimensions 12" x 34",
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Below 1 ke, the TL is essentially mass controlled, as
we would expect from our previous discusslon. Above 1 ke,
the behavior breaks away from thils law, as shown by the
solid dots and line denoted "Without Added Damping,"

Damping material was added to the panel and 1t was effective
in reducing changing vibratory response to impact over the
entire range of frequencies, as shown in the upper part of
the fig:re. However, the increase in TL with damping only
occurs above the regicn of mass law response, as shown by
the open clrcles on the dotted line for the new TL curve

and by the curve noted “Change in TL due to Damping.” The
colncidence between the change in TL and the change in damp-
ing above 4 ke is apparent from the figure and confirms the
behavior we would expect ln the region where the noise trans-
mission 1s being governed by the free wave behavior.

In Fig. 5, we show TL behavior for a steel panel, In
this case, damping was added at the edges by embedding one
edge of the plate in sand. In this case, the plate is 1/16"
thick with cross dimensions of 30" x 36". Agailn, we see at
low frequencies a mass law behavior of the transmission curve
breaking away near the critical frequency with damping be.-
coming effective in increasing the TL in the free wave re-
glon of behavior.

IV, Vibration and Radiatlon of Bounded Panels

When the frequency is sufficiently low or the damping is
sufficiently small so that the product knd falls below unity,
then there is a reverberant bulld-up in the panel due to point
source excitatlon. Although it 18 not so apparent, this is
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also true for acoustic excitation, 1.e. the ratio of free

wave to forceiwave response for acoustic sources is in-
versely proportional to the product kud, as shown in

Eq. (6).
free wave response 4 (6)
forced wave response kpna

when kfs Aa < d

under the general assumption that one is below the critical
frequency of the panel and that the flexural and acoustic
wavelengths are smaller than the mean free path. In this

regime, the plate acts as a gystem with resonant modes of
vibratlon. These mo¢des have the amplitude versus frequency
characteristic shown for the resonator in Fig., 1. The wave-
number response, on the other hand, for resonant panel modes

1s essentlally like that shown in Fig. 6, where we have in-
dicated the case of a mode resonating below the critical fre-
quency. In this case, the wavenumber acceptance apectrum is

not determined by the loss factor,; but by the geometry of the
panel. The amplitude of thls acceptance spectrum, on the other
hand,; 1is dependent upon the damping and the frequency of excita-
tion. Thus, in this case, both point source and acoustic ex-
citation are damping limited because the whole response pattemn
of the mode rises and falls uniformly as a function of frequency.
The acoustle wavenumbers tend to couple into the small wavenumber
part of the modal spectrum whereas the point source excitation,
as before, excites a broader range of response wavenumbers.
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In this case, the response amplitudes and radiation
behavlior will be controlled by the total damping of the
system and again the internal damping will have to be
greater than the radiation dampling for applied damping
to result ln reduced response or radiation. We again
return to the criterion for internal damping glven in
Eq. (5). For resonant modes below the critical frequency.
however, the radiation efficiency tends to be of the order
of 10”1 o 1072, Thus, our criteria on the amount of re-
quired damping for aluminum plates In air and steel plates
in water are reduced by a corresponding factor., This means
that the internal damplng for the aluminum plate must at
least be of the order of 10" to 10™2 and the internal
damping of the steel plate must exceed the range 10™2 to
10“3“ These values cf dampling are not difficult to achieve
and we can expect, therefore, to be able to reduce response
and radiation of sound in this reglme by applied damping for
elther case,

For panel modes above the c¢ritical frequency, however,
the radiation effliclency 13 agaln unity and the previcus
conclusions about the effectlveness of damping for the un-
bounded plate above the critical frequency will apply in
this case as well,

V. Effect of Damping in Connected Structures

Damping l1s frequertly applied to reduce the vibration of
structures which are in turn tied into other structures, such
as concrete walls which are attached into supporting walls, or
ailrcraft panels which are tied into a larger structure. It will
be necessary that any applied damping exceed the damping due to
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coupling 1f beneficial results are to be achieved., This is
entirely analogous to the criterion that the internal applied
damping must exceed the radlatlon damping in the case of panels
"connected" to an acoustic field,

As an example of the relative roles of coupling and in-
ternal damping of the ccncrete wall which 1s attached into
two other vertical walls and floor slabs, let us refer to
Fig. 7. Here we show the reverberatlion time of a concrete
wall 1In a bullding structure. At loew frequencies, the loases
can be explalned by assigning an average absorption coefficient
of 17% to the boundaries between the wall and its atiachment.
At higher frequencles; the observed losses can be accounted
for by assumling a constant loss factor which is presumably
assoclated with the wall material., At the lower frequencies,
a substantial increase in internal damping would be necessary
to observe any change in the total damping due to the very high
damping already present due to the attackment of the structure
to 1ts environment.

VI. Conclusion and Acknowledgments

In this short discussion, it has only been possible to
glve a bird's-eye view of the expected role of damping in
controlling vibration noise in very limited clrcumstances,
It may be expected, however, that the general approach and
conclusions can be extrapolated to many systems not explic-
itly dealt with here. The author would like to thank sev-
eral of his colleagues at BBN; most particularly, Edward M.
Kerwin, Jr., Ira Dyer and Gideon Maidanlk for many helpful
discussions of the problems presented here.
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